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The utility of ferroelectric materials stems from the ability to nucleate and move polarized domains using an electric field. To understand the mechanisms of polarization switching, structural characterization at the nanoscale is required. We used aberration-corrected transmission electron microscopy to follow the kinetics and dynamics of ferroelectric switching at millisecond temporal and subangstrom spatial resolution in an epitaxial bilayer of an antiferromagnetic ferroelectric (BiFeO 3 ) on a ferromagnetic electrode (La 0.7 Sr 0.3 MnO 3 ). We observed localized nucleation events at the electrode interface, domain wall pinning on point defects, and the formation of ferroelectric domains localized to the ferroelectric and ferromagnetic interface. These results show how defects and interfaces impede full ferroelectric switching of a thin film.
F erroelectric materials have numerous applications, including high-density and nonvolatile memories (1-3) and a broad range of electronic, optical, and acoustic devices (2) . The utility of ferroelectrics is derived from a reversible transition between equivalent polar orientation states under an applied electric field and from that transition's coupling to other material properties including strain (4, 5) , magnetic order (6), and surface charge (7) . Most of these applications require low-dimensional geometries such as thin films and deterministic control of the local polarization state at the interface (8) . Thus, it is critical to understand the process of polarization switching in epitaxial thin films.
In this work, we studied the domain nucleation and evolution during switching of a ferroelectric BiFeO 3 thin film, using in situ structural characterization by transmission electron microscopy (TEM). Polarization switching is induced by an applied electric field oriented along the film normal between a surface probe and a planar bottom electrode, the same geometry used for surface probe characterization depicted schematically in Fig. 1 . Ferroelectric switching occurs through a process of inhomogenous nucleation and anisotropic growth of favorably oriented domains (9) . In this geometry, it is typically modeled by a single nucleation event occurring at the probe contact with the film surface, the maximum of the applied field, followed by rapid propagation of the nucleated domain across the film and slow lateral growth (see simulation in fig. S1 and movie S1). The creep-type lateral expansion stage is well known for switching in thin films from surface probe measurements (10) and modeling (11); however, experimental observations of the initial normal-axis growth process are absent except at much larger length scales (12, 13) . In this work, we followed domain nucleation and evolution in cross-section and directly observed inhomogeneous nucleation events, domain wall pinning, and the formation of ferroelectric domains localized at interfaces.
Local switching of a 100-nm (001) P oriented BiFeO 3 ferroelectric film was performed by applying an electrical bias between an etched tungsten surface probe and a 20-nm La 0.7 Sr 0.3 MnO 3 buffer electrode. This bilayer was grown on closely lattice-matched single-crystal (110) O TbScO 3 substrates (compressive strain <0.14%) to avoid instabilities from epitaxial strain (14) and misfit dislocations (15) The bias between the surface probe and buffer electrode results in an inhomogenous out-of-plane electric field in the BiFeO 3 film, promoting a transition among the eight possible <111> P polarization directions between the four "up" and four "down" orientation states. Three types of switching are possible, classified by the angular rotation of the polarization vector during swiching: 71°, 109°, or 180°. We find that the preferred switching path is the 71°rotation of the spontaneous polarization by the reversal of only the polarization component parallel to the applied field, in this case the film normal (z axis), in agreement with other studies (17) (18) (19) . Piezoresponse force microscopy (PFM) indicates that the asgrown BiFeO 3 films are predominantly upwardpoled. Figure 1A shows an out-of-plane PFM phase image from a 100-nm BiFeO 3 film, which was locally switched by a positive probe bias of 20.6 V with a 2-s dwell time, producing a downward-poled domain~400 nm in diameter.
Diffraction contrast TEM was used to resolve the evolution of the domain structure along the depth of the film in situ. A cross-section of the 100-nm BiFeO 3 film measured by PFM was thinned to electron transparency,~60 nm in thickness ( fig. S2) , and biased between the tungsten probe in contact with the film surface and the grounded La 0.7 Sr 0.3 MnO 3 bottom electrode. The sample geometry is shown schematically in Fig.   1B , as well as TEM micrographs of the domain structure before and after switching by a 4 V dc bias, which exceeds the threshold switching voltage (V c ) for this region. A~270 nm-wide P [111]P domain formed from the initial P [111]P state, corresponding to the same 71°switching path observed in the full film. The polarization direction was determined from the cation positions, using high-resolution scanning TEM (STEM) in highangle annular dark field (HAADF) mode (20, 21) 
The nucleation of ferroelectric domains occurs when the applied field exceeds a critical nucleation threshold (the coercive field), which is subject to regional variation from defects (22) . The interface is the expected nucleation site because of its high free energy due to the broken symmetry, strain, electric fields, charge, and altered chemical structure, which decrease the nucleation barrier (16) . The high field concentration formed at the tip of the surface probe is generally assumed to dominate over any built-in electric fields, such as from Schottky junctions, and to initiate switching at the free surface, where the applied field is highest. However, a chronological series of TEM micrographs in Fig. 2 of 71°P [111]P to P [111]P switching during a slow ramp of the dc probe bias from 0 to 4 V clearly shows multiple nucleation events occurring exclusively at the bottom interface (movie S2). The out-of-plane electric field, E Z , for this tip geometry at 2-V bias calculated by finite element analysis (Fig. 2B) , is concentrated at the free surface. Hall measurements performed on nonbuffered 100-nm BiFeO 3 films showed an n-type conductivity. Inclusion of built-in electric fields from Schottky barriers of 0.85 and 0.77 V from junctions of n-type BiFeO 3 , with La 0.7 Sr 0.3 MnO 3 and tungsten, respectively (23), produces the total E Z field distributions shown in Fig. 2C . There is a broad band along the La 0.7 Sr 0.3 Mn0 3 interface where P [111]P nucleation is likely to occur because of a strong negative field (pointed toward the substrate), which is in agreement with TEM observations. The electrical properties of the Schottky junctions could not be probed because conduction was bulk-limited (fig. S4) ; however, they are a common feature of planar ferroelectric oxides (16, 24) and are known to determine nucleation sites between symmetric planar electrodes in BiFeO 3 films (18) . The relative strengths and distributions of the built-in fields vary, given assumptions about the Schottky barrier heights, the depletion width, and the electrode geometry. Regardless, the built-in fields shown in Fig. 2 are of the same order of magnitude as the tip field and cannot be neglected.
The triangular domains that nucleated at the La 0.7 Sr 0.3 MnO 3 interface were metastable, increasing (compare Fig. 2A , images 3 and 4) or decreasing their fixed size with the applied bias. Multiple nucleation events occured before a critical voltage of 2.2 V, whereupon they coalesced and expanded into a single domain that reached its full forward extent within a single 30-ms data sample. The triangular shape of these domains served to minimize depolarizing fields as the domain walls oriented closer to charge-neutral (011) P planes. During this low field stage of thermodynamically limited switching, nuclei extended ~200 nm laterally across the interface, over three times the contact area of the tip. Such delocalization of switching under a localized field may be an important consideration for surface probe measurements. More fundamentally, this process is a departure from the kinetically limited models used to describe ferroelectric switching (24) . This is important for electrical characterization, because the switching transient does not necessarily correspond to the actual nucleation bias.
The metastable behavior indicates an intrinsic thermodynamic instability of the nuclei such as from positive built-in fields or an accumulation of strain, which destabilize the domain away from the interface. We do not see this behavior in similar nonferroelastic 180°switching of tetragonal PbZr 0.2 Ti 0.8 O 3 films, which suggests that strain from ferroelastic 71°switching is a contributing factor. Hysteresis loops measuring the switched domain area during cyclic switching under the probe have a positive voltage offset, indicating a possible positive built-in field (Fig. 2D) . The reduction of this offset during cycling ( fig.  S5 ) further suggests that it may be the result of polar defects "imprinted" to the original P [111]P polarization (25) , which disassociate during cycling. A contribution to the offset is also expected because of dissimilar electrode thermal histories and work functions www.sciencemag.org (27) ], but these favor a dominance of the negativefield Schottky junction, which would produce a negative shift. An alternate contribution to this offset may stem from the positive-voltage branch switching by a nucleation event, and the subsequent negative-voltage branch backswitching by the shrinking of the switched domain ( fig. S6 and movie S3). The critical field for nucleation and the threshold field for the onset of domain wall creep need not be the same.
A 71°polarization reversal accounts for the majority of the area beneath the probe. However, this "primary" domain often does not extend the full width between the two electrodes. Despite the high-energy domain wall that is created, the forward-propagating domain is often pinned midway through the film, leaving the top layer unswitched as shown in Fig. 2A . Furthermore, a thin layer of film along the La 0.7 Sr 0.3 MnO 3 buffer electrode layer undergoes an independent switching process from the primary domain. A chronological TEM image series in Fig. 3A shows the domain structure evolution as the film is biased from -10 to 20 V and back to zero. At a small positive bias, long horizontal domains confined to the interface appear (Fig. 3A, image 2 , and movie S4) and increase in height with increasing bias. Ultimately, a primary 71°switch-ed P [111]P domain forms directly beneath the tip (Fig. 3A, image 3 ). Both the interfacial and primary domains persist after the bias is removed (Fig. 3A, image 4) . Dark-field images formed from reflections of the (01l) P planes (Fig. 3B) indicate that the interfacial domains (invisible in the image) do not form the same ferroelastic twin with the unswitched region as the primary domain (bright area). Polarization mapping from HAADF images confirms that the interfacial domains undergo a nonferroelastic 180°polarization rotation (Fig. 3C) . The switching thresholds of the interfacial domains have a large negative-voltage offset as compared to the primary domain. They have a lower nucleation bias and form several hundred nanometers away from the tip. In contrast, they require much larger negative voltages to erase (movie S5) because of the need to overcome the negative field in the Schottky junction where they are located.
The lateral edges of the interfacial domains are charge-neutral (011) P 180°domain walls. However, the nominally (001) P horizontal domain wall is unfavorable because of its negative charge from the tail-to-tail polarization vectors. Its graded appearance indicates that it is not a sharp (001) P boundary, but is inclined or corrugated to reduce the depolarizing field. Despite the energy cost of this domain wall, the interfacial domains exhibit long-term stability (>6 months and ongoing). Although the interfacial domains and primary switched domain do not overlap in Fig. 3A, Fig.  4 shows a region with an interfacial domain directly beneath the tip before switching (Fig. 4A) . The subsequent formation of the primary 71°do-main does not consume or otherwise alter the interfacial domain except to create a sharper (001) P domain wall, because the domain wall charging is absent (Fig. 4B) .
Although the vertical extent of the interfacial domains depends on the voltage history, the lateral edges are fixed. HAADF images of the inclined 180°domain walls show a high density of point defects, such as the heavy-element substitution in the Fe site shown in the insert in Fig. 3C , as well as defects in the oxygen site ( fig. S7 ). The interaction of the domain walls with the point defects is likely to be strain-mediated because the domain walls are neutrally charged. This is not the case for the negatively charged horizontal domain walls created by pinning of the 71°do-main, such as the shoulder on the left sides of Figs. 3A and 4B and the entire switched region in Fig. 2A . The pinning behavior points to ordered planes of charged defects as the active pinning site. Vacancies and defect dipoles are common in perovskite films (25, 28) , especially those grown by molecular beam epitaxy (29) . Furthermore, the pinning occurs at fixed inhomogeneously distributed sites, which are repeatable for any given region of the film ( fig. S8 and movie S6). We could not see any structural defects associated with the pinning sites, any detectable thickness variation in a thickness map of the pinned region ( fig.  S1 ), or any systematic steps along the (001) P planes in a topographic atomic force microscopy scan of the ion-etched surface of a prepared TEM sample. The pinning barrier can be overcome with the application of a sufficiently large bias or by repositioning the probe (movie S7), confirming that the film is still ferroelectric and the switched domain is thermodynamically stable beyond the pinning site. Although the oxygen-scattering crosssection is too small for the oxygen site to be seen directly in the HAADF images, these results strongly support the theory of domain pinning by ordered planes of oxygen vacancies (30) .
The observed ferroelectric switching, although it may manifest in some applications as a 71°s ingle-domain switching process, is found to be more complex than is conventionally assumed. In particular, reversible switching at the interfaces is impeded, which is of particular consequence for heterostructures dependent on the ferroelectric interface state, such as the BiFeO 3 /La 0.7 Sr 0.3 MnO 3 film stack studied here. Film orientations that favor single strain-free switching paths such as (001) P tetragonal or (111) P rhombohedral ferroelectrics can avoid some of this complexity, but this is not possible for heterostructures such as this one, which require ferroelastic switching (31) . We have also found that substantial contributions by built-in electric fields lead to a large delocalization of switching from the tip, especially the formation of interfacial domains. The energetics favoring the nucleation and growth of 71°do-mains despite the presence of favorably oriented yet oddly immobile preexisting 180°domains is unknown. Future studies on the interface structure and its effect on switching or the inclusion of additional electrostatic contributions such as from inhomogeneous space charges, depolarizing fields from finite screening, and flexoelectric effects may help elucidate this behavior.
